Abstract-The properties of beamwidth, directivity, and polar ization of wavelength-size scalar horns are analyzed and optimized theoretically and confirmed experimentally to determine the usefulness of such horns as standards. Agreement between theoretical predictions and measurements was good.
I. INTRODUCTION
T HE "scalar" electromagnetic horn, usually of circular cross section, was so named [1] because it grooved wall presents the same boundary conditions to all polarizations and it has a tapered field distribution that is axially symmetric. It is also sometimes caMed the "corrugated" horn because of the circumferentially grooved interior.
Various workers had realized that the radiation charac teristics of a horn can be modified in desirable ways, such as reduced sidelobe levels, equalized E-and //-plane beamwidths, and greater axial symmetry, by simultaneously using more than one waveguide mode for excitation of the horn. Love [2] used a square cross section excited in the TEio and TEoi modes. Potter [3] used the circular TEn and TMn modes, which achieve to a very high degree all of the properties mentioned above. The difficulty with Potter's design was that achieving precise amplitude and phase balance of the two differentially dispersive modes was difficult, at best, and im possible over a significant bandwidth. It was realized simul taneously in Australia [4] , [5] and the United States [1] , [6] that these modes could be "locked together" in the HEi i hy brid mode configuration by imposing an anisotropie boundary condition on the excitation structure leading to the aperture. A bandwidth of about 1.7:1 was now readily attainable pri marily because of the fact that the HE) i is the fundamental hybrid mode propagated in the anisotropie waveguide and the next higher mode (EHi i) has a much higher cutoff frequency [7] · By virtue of these various properties-low sidelobes, quasi-Gaussian skirt shape, axial symmetry, wide useful fre quency band, etc.-the scalar horn has become well recognized as an efficient feed device for large paraboloidal reflector antennas and as a desirable antenna range and antenna com parison standard. The purpose of this paper is to point out that such horns need not be electrically large to be useful and that the size parameters, slant length, and flare angle can be opti mized for minimization of any desired beamwidth contour or for maximization of directivity. Although one cannot, in general, achieve these conditions simultaneously, it is found that they can be nearly achieved. This is somewhat analogous to attempting to achieve simultaneous maximum power transfer and minimum reflection in a network having a reactive input impedance component.
II. BACKGROUND THEORY
The radiation characteristics of the scalar horn have been analyzed in terms of spherical modes, which are applicable to arbitrarily wide flare angles [8] , [9] . Under the assumption that an unperturbed spherical HE n waveguide mode illumi nates the radiating aperture of the scalar horn, the following expressions can be obtained for the far fields by a KirchhoffHuygens integration over a spherical cap enclosing the horn [3] :
e -^~ F(0, 0o, r 0 ) sin φ. The pattern function F(0, 0Q, ΑΌ) can be reduced to a single integration which must be evaluated numerically. The principal contribution to the far side and back radiation is edge diffraction from the horn, which is neglected in this calculation of the fields. Accordingly, a worst case limit was assumed in the evaluation of (4) by using F(w/2, 0 O , r 0 ) for all values of F(0, 0 O , ^o) where 7r/2 < 0 < π.
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III. THEORETICAL R E S U L T S
The semibeamwidths of selected contours were determined by applying a search-and-interpolate routine to the patterns which were obtained as in the previous section. These were plotted as functions of slant length (normalized to wavelength) over a range of 0.8 to 2.0, using the flare angle as a parameter. Fig. 2 shows these results for the -10-dB contour. Since minimum beamwidth is usually a desired property, it is im portant to note that the three-dimensional surface representing beamwidth as a function of flare angle and slant length passes through a minimum for each slant length. This minimum represents the optimum flare angle for that slant length, which varies from somewhat over 60° for a slant length of 0.8λ to about 40° at 2λ. The optimum flare angle is somewhat smaller for the -1 5 -, -20-, or -25-dB contours. A three-point Lagrangian interpolation was used to find the loci of these minima, and the results are shown in Fig. 3 . A second major radiation characteristic is the directivity. a maximum for each slant length. Fig. 5 shows the locus of the antenna dimensions for maximum directivity and, in addition, gives constant directivity contours so that the degradation in directivity can be estimated for nonoptimum dimensions.
IV. EXPERIMENTAL RESULTS
A scalar horn having a 45° flare angle and five inter changeable apertures was designed and constructed. At the design frequency of 4 GHz, these apertures correspond to slant lengths of 0.8, 1.1,1.4, 1.7, and 2.0 wavelengths, and are des ignated as # 0 , # 1, · · ·, # 4 , respectively. The design fre quency is that frequency for which the groove depth is slightly over a quarter wavelength and the surface reactance ap proaches negative infinity. The desired HEi i hybrid mode can be maintained as long as the surface reactance is negative, so the theoretical maximum bandwidth extends from the design frequency to nearly twice that frequency. In practice, a bandwidth of about 1.7 or 1.8 can be achieved before the bal anced hybrid mode approximation becomes so poor that the desired radiation characteristics are degraded. Groove peri odicity was set at 0.15λ at 4 GHz [10] , and the ratio of gap width to corrugation period was 0.8 which is somewhat larger than usual for ease in machining. Excitation will not be dis cussed in this paper.
Measurements were made on the test horn assembly over the frequency range of 4 to about 7 GHz, a bandwidth of 1.75. Three types of measurements were made: input impedance, which will not be discussed here because it relates primarily to the design of mode excitation and coupling structures; axial gain and polarization using the NBS Near-Field Extrapolation Range; and field patterns, which were made on a model mount in an indoor far-field range. The patterns were measured by taking £-plane, //-plane, and 45° cuts to beyond 90° off axis for the # 0 , # 2 , and # 4 apertures at 4,4.15, 5.5, and 7 GHz. In addition, £-plane cuts were made at the same frequencies for the # 1 and # 3 apertures.
In order to obtain a measure of departures from axial symmetry, each set of three half-beamwidths (obtained from the £-plane, //-plane, and 45° cuts) was treated as a statistical 55 ensemble. Its standard deviation was a measure of axial asymmetry, and the average of the three angles was compared with the theoretical beamwidth. The asymmetry was found in this way to be about 1° at the design and midband frequencies of 4 and 5.5 GHz, respectively. At 7 GHz, the asymmetry was 2° to 3° for the # 2 and #4 apertures and about 5° to 7° for the # 0 aperture.
The averages of the half-beamwidths of the three cuts for # 0 , # 2 , and # 4 , and the value for the £-plane cut for # 1 and # 3 were compared to theoretical calculations. Depending upon frequency and aperture, the 10-dB half-beamwidths vary between about 35° and 60° and the 20-dB half-beamwidths from 50° to greater than 90°. The differences between cal culated and measured beamwidths for # 1, # 2 , # 3 , and #4 were less than 1° at design frequency, increase to 1° to 2° at midband, and increase further to 4° to 6° at 7 GHz. The -10-dB contour differences for the # 0 aperture had the same general shape of frequency dependence, but were about 7° narrower then calculated. A reason for this will be discussed later. The experimental values for these -10-dB half-beam widths are plotted in Fig. 2 , and are keyed for frequency. For ease in comparison with theory, the curve corresponding to a 45° flare angle has been emphasized.
Cross-polarization profiles were taken by rotating the an tenna axially by 90° and 270° with respect to the test probe. This does not, in general, give a true cross polarization, but does constitute an upper bound. In the principal plane cuts, this upper bound was never greater than -30 dB, and usually less than -35 dB with respect to boresight copolarization. In the 45° cuts, which normally have the worst cross polarization, this upper bound increased to about -30 dB for design and midband frequencies and to between -17 to -22 dB at 7 GHz. The off-axis angle for which the worst cross polarization oc curred was usually between 40° and 60° and in no case was less than 22°. Accurate measurements of the on-axis cross polarization made with the near-field extrapolation technique [11] indicate that the cross polarization is at least 55 to 60 dB down for the design and midband frequencies, and at least 45 dB down at the high end of the band.
Experimental values for the gain were also obtained by ex trapolation measurements at 4.0,4.83, 5.5, and 6.8 GHz. These values are plotted in Fig. 4 and, again, the 45° flare angle curve is emphasized. Values for the low and midband frequencies fall within 0.5 dB of calculations, which is nearly as good as can be achieved with pyramidal horns. The values of 6.8 GHz, however, fall considerably below the calculated curve-an effect probably attributable to departure from mode balance at the band limit. The phase center of the antenna was always well defined and was about 2 cm in front of the apex of the cone.
V. C O N C L U S I O N
We have shown (Fig. 2 ) that a scalar horn having an aper ture of the order of one wavelength does, in fact, have the ra diation properties predicted for it by a spherical far-field analysis that does not include edge diffraction effects. There are two limitations to this conclusion. Departures from theo-retical predictions become significant at about 1.75 times design frequency, and also for a very short slant length of 0.8λ. This latter effect may have been caused in part by a somewhat different design limitation. The horn does not really form a complete cone, but, in fact, is a cone which is truncated by the cylindrical waveguide which excites it. Thus the actual antenna slant length as measured from the aperture edge to the inter section with the feed waveguide for the # 0 aperture was only about 25 percent of the distance from the edge to the apex of the hypothetical cone. It is, therefore, possible that the spherical waveguide mode may not have been well established before the wave was launched at the aperture. Even with this limitation, the agreement between various measurements of the # 0 aperture with calculations is quite reasonable.
We thus conclude that the performance of electrically small scalar horns can be predicted rather well, and they do possess the features desired for reliable antenna test standards. scatter antennas has been attempted by swinging the beams so as to maximize the received power. Unfortunately, finding the proper pointing angle is time consuming and often inaccurate because of deep and persistent fading in the chan nel. In earlier work, Birkemeier and Sill [1] established a new technique for alignment which uses the fact that cross-path winds create a Doppler-spread spectrum. A monochromatic signal is transmitted and the shape of the received Doppler spectrum is used to determine alignment. Their method in-
